In order to examine the potential interactive pressures of local pollution and global climate change, we exposed corals and crustose coralline algae (CCA) to three agricultural photosystem II (PSII) herbicides at four temperatures (26-32uC). The coral Acropora millepora was 3-to 10-fold more sensitive to the three herbicides than the CCA Neogoniolithon fosliei. While the photosynthesis of CCA was not affected by the herbicide concentrations used (, 1 mg L 21 ), temperatures of 31uC and 32uC alone significantly inhibited photosynthetic efficiency (DF : F 9 m ) and caused chronic photoinhibition (reduced F v : F m ) and substantial bleaching. Environmentally relevant concentrations of each herbicide increased the negative effects of thermal stress on coral at 31uC and 32uC. Mixed model analyses of variance showed that the effects of elevated sea surface temperatures (SST) and herbicide on photosynthetic efficiency of coral symbionts were additive. Furthermore, the effect of either diuron or atrazine in combination with higher SST (31uC and 32uC) on chronic photoinhibition was distinctly greater than additive (synergistic). Reducing the herbicide concentration by 1 mg L 21 diuron above 30uC would protect photosynthetic efficiency by the equivalent of 1.8uC and reduce chronic photoinhibition by the equivalent of a 1uC reduction. Reduced water quality increases the vulnerability of corals to elevated SSTs, and effective management of local water quality can reduce negative effects of global stressors such as elevated SST.
The circumtropical decline of coral reefs (Wilkinson 2008 ) is linked to global pressures such as rising sea surface temperature (SST) and acidification (Hoegh-Guldberg et al. 2007) , as well as local pressures like overfishing (Pandolfi et al. 2003) and pollution including eutrophication (Fabricius 2005) . The Great Barrier Reef (GBR) ranks among the world's most pristine large coral reefs (Pandolfi et al. 2003 ), yet this well-protected ecosystem is also threatened by climate change (Johnson and Marshall [eds.] 2007 ) and other anthropogenic pressures (Fabricius 2005) . From 1980 to 2006 the GBR experienced eight mass coral bleaching and mortality events associated with elevated SST (Oliver et al. 2009 ). In fact, the decline of coral cover on GBR reefs is similar to that reported for other Indo-Pacific reefs (Bellwood et al. 2004; Bruno and Selig 2007) . The GBR may be affected to a greater extent in the future as the thermal thresholds of sensitive coral species are likely to be exceeded within the next 40 to 90 years under scenarios projected by the Intergovernmental Panel on Climate Change (IPCC) (Hoegh-Guldberg et al. 2007) . The threat to the GBR posed by climate change may be further exacerbated by the annual input of elevated levels of nutrients, sediments, and pollutants, including pesticides from runoff (Fabricius 2005) . While nutrients and sediments may originate from natural erosion, there is strong evidence that the input into the GBR lagoon of both parameters has increased several fold since European farming practices were adopted in adjacent catchments (ca. 150 years ago) (Furnas 2003) . The only sources of pesticides are human activities including coastal agriculture (Haynes et al. 2000) .
Scleractinian corals with dinoflagellate endosymbionts are key reef builders and are a particularly vulnerable component of tropical reef ecosystems, since they exist close to their thermal thresholds (Hoegh-Guldberg 1999) and are sensitive to a range of contaminants (Fabricius 2005) . When SST above a threshold is accompanied by high irradiance, hydroxyl radicals are formed both within the algal cells and the host tissues, damaging sensitive biochemical structures including photosystems within the thylakoid membranes of Symbiodinium spp. (Lesser 1997) . The noninvasive technique pulse amplitude modulation (PAM) fluorometry has been used extensively to understand and monitor thermalirradiance damage to photosystem II (PSII) leading to chronic photoinhibition (see Methods section) (Jones et al. 1998) . If the photoprotective mechanisms of the corals and their symbionts are overcome, the symbiosis can break down, and corals in this ''bleached'' state struggle to obtain enough energy for repair which often results in mass mortality events (Hoegh-Guldberg 1999) .
The most commonly detected pesticides on the GBR are herbicides, including diuron and atrazine, which are present in nearshore areas year round (Shaw et al. 2010) . These herbicides are designed to damage PSII in terrestrial weeds but can affect nontarget species, such as Symbiodinium spp., in a similar way. The herbicides bind to the D1 protein in the chloroplasts of Symbiodinium spp. within corals, reducing electron transport through PSII (Jones et al. 2003) . This reduction in electron transport is correlated with diminished uptake of energy by the host corals (Cantin et al. 2009 ) and subsequent reductions in reproductive output (Cantin et al. 2007 ). The obstruction of electron transport through PSII can also result in oxidative stress, leading eventually to photoinhibition (see Methods for a detailed description), expulsion of symbionts and bleaching (Jones et al. 2003; Negri et al. 2005; Cantin et al. 2007) .
Crustose coralline algae (CCA) are key coral reefbuilding primary producers (Chisholm 2003) and also play a crucial role in the recognition of suitable recruitment sites in many coral and other invertebrate species (Harrington et al. 2004 ). Recent studies indicate that calcifying CCA are vulnerable to acidification and thermal stress at high light levels (Anthony et al. 2008; Webster et al. in press) . It was hypothesized that these pressures combine, overcoming photoprotective mechanisms within the algal chloroplasts, again resulting in oxidative stress and leading to the observed pigment loss (bleaching) (Anthony et al. 2008) . Despite the differences in photosynthetic apparatus between red algae and dinoflagellates, herbicides can affect CCA in a similar way to corals, with high concentrations of diuron causing reductions in photosynthetic efficiency and bleaching, presumably due to photooxidation and the resulting destruction of chloroplasts (Harrington et al. 2005) .
Herbicides are frequently detected in inshore waters of the GBR and the highest concentrations occur during flood plumes associated with the monsoon season (austral summer) (Lewis et al. 2009 ), coinciding with rising SST on the GBR. These flood plumes also transport high levels of suspended solids and dissolved nutrients and can significantly reduce salinity, all of which may interact with high SSTs to threaten corals and other sensitive organisms (Fabricius 2005) . Wooldridge (2009) theorized that improving water quality on the reef by reducing the nutrient concentrations could improve the resilience of corals from increases in SST of up to 2.5uC. Thus, it was implied that this reduction in local stressors could ''buy time'' for corals to adapt or acclimatize to increased SST. High turbidity, on the other hand, was found to protect corals from elevated SST and irradiance in a laboratory experiment (Anthony et al. 2007 ). The only experiment to examine the combined effects of SST and herbicides on coral indicated that, after 8 h, the photosynthetic efficiency of Seriatopora hystrix was inhibited less at 30uC than at lower temperatures (Jones and Kerswell 2003) . The combined effects of pollution and SST on CCA have not been studied previously.
Few studies have directly quantified the interactive pressures of pollution and elevated SST on coral reef organisms. More information is needed on how SST interacts with relevant pollutants to enable targeted and effective actions to effectively protect corals and other sensitive organisms threatened by climate change. In this study we expose corals and CCA to three PSII herbicides commonly detected in waters of the GBR at four temperatures. This constitutes the first experimental chronic coexposure of coral and CCA to increased SST and herbicides and is the first study to examine the effects of atrazine and hexazinone on CCA. The health of the corals and CCA was assessed according to the effects on photosynthetic efficiency, chronic damage to PSII (both estimated using fluorescence techniques), and loss of chlorophyll a (Chl a) as a measure of bleaching. The temperatures, herbicide concentrations, and exposure durations chosen were relevant to inshore reefs of the GBR during the summer monsoonal flood period. Given that both temperature and herbicides act on PSII, we test the hypothesis that an increase in both parameters may have strong synergistic effects on the photophysiology of coral symbionts. Experimental support for this hypothesis would clearly suggest that vulnerability to (difficult to manage) effects of climate change on coral reefs can be reduced by (more achievable) local management of land runoff.
Methods
Collection and preparation of corals and CCA-Six colonies of the coral Acropora millepora (30-50 cm diameter) were selected haphazardly from a depth between 1 and 3 m below lowest astronomical tide (LAT) at Double Cone Island and Hayman Island in the Whitsunday group, Great Barrier Reef, Australia (20u06.3059S, 148u43.3159 E and 20u02.1999S, 148u52.8849E ) . The CCA Neogoniolithon fosliei (up to 20 cm diameter) were sampled from a depth of 5-7 m below LAT at Davies Reef, GBR (18u50.5589S, 147u37.6189E). Coral colonies and CCA were maintained in outdoor aquaria (1000 liters) at the Australian Institute of Marine Science (AIMS), Townsville, Australia, with flow-through filtered seawater (5 mm) under 70% shading (maximum 350 mmol photons m 22 s 21 ) and ambient temperature (23-24uC). Vertically oriented coral branches (3-4 cm in length), and CCA (2-4 cm 2 ) were isolated using surgical bone cutters. Coral fragments were then suspended in aquaria under transparent plastic rods with nylon fishing line (10 pound). Coral fragments and CCA were allowed to acclimate and heal in 30-liter holding tanks for approximately 2 weeks with flowthrough filtered seawater (0.5 mm) under 200 mmol photons m 22 s 21 for corals and 40 mmol photons m 22 s 21 for CCA. The Symbiodinium type hosted by A. millepora in these experiments was identified as clade C2 following examination of six haphazardly chosen fragments by single strand conformation polymorphism (SSCP) as per van Oppen (2004) .
PAM chlorophyll fluorescence measurements-The photosynthetic efficiency, expressed as the maximum quantum yield (measured after dark adaptation) and effective quantum yield (achieved under experimental light conditions) of CCA and Symbiodinium spp. within coral tissues was estimated from chlorophyll fluorescence measurements taken with a PAM chlorophyll fluorometer (Maxwell and Johnson 2000) . Measurements were obtained using a Mini-PAM or a Diving-PAM chlorophyll fluorometer (Walz, Germany) at least 5 mm from the tip of the coral and 3 mm from the coral tissue (controlled via a rubber spacer) by placing a 6 mm fiberoptic probe perpendicular to the surface of the coral. Measurements were taken from the center of each CCA fragment. Initial fluorescence (F in illuminated samples and F 0 in dark-adapted samples) was determined by applying a weak pulse-modulated red measuring light (650 nm, 0.15 mmol photons m 22 s 21 ). To quantify light adapted maximum fluorescence (F 9 m ), a short pulse (800 ms) of saturating actinic light (. 3000 mmol photons m 22 s 21 ) was applied. The effective quantum yield in an illuminated plant (DF : F 9 m , Eq. 1) provides an estimate of the efficiency of photochemical energy conversion within PSII under a given light intensity (Genty et al. 1989) . The reversible binding of PSII herbicides to the D1 protein in PSII results in an acute and temporary reduction DF : F 9 m (Jones and Kerswell 2003) and reduced energy acquisition by the host coral (Cantin et al. 2009) .
The maximum quantum yield (F v : F m ) is equivalent to the proportion of light used for photosynthesis by chlorophyll when all reaction centers are open (Genty et al. 1989) . A reduction F v : F m indicates photooxidative damage to PSII (chronic photoinhibition) and is observed in bleaching corals (Jones et al. 1998) . In the present study, corals and CCA were dark adapted for 30 min and F 0 and F m were measured in the same fashion as F and F 9 m to derive maximum quantum yields as per Eq. 2:
The inhibition of DF : F 9 m and F v : F m due to the binding of herbicides or damage to the D1 protein in PSII (Osmond et al. 1999 ) was calculated according to Eq. 3:
Acute herbicide dose-response curves and herbicide potencies-The relative toxicities of three common PSIIinhibiting herbicides diuron , atrazine [CAS 1912-24-9] , and hexazinone [CAS 51235-04-2] to Symbiodinium spp. within A. millepora and CCA N. fosliei were first examined in laboratory experiments under static conditions. Corals and CCA were placed in glass aquaria with 3 liters of test solution at 25 6 0.8uC (range) under 100 mmol photons m 22 s 21 for corals and 40 mmol photons m 22 s 21 for CCA (photoperiod 12 : 12 h light : dark). Corals and CCA were exposed to six nominal concentrations of diuron (0.3, 1, 3, 10, 30, and 100 mg L 21 ) or six nominal concentrations of atrazine or hexazinone (0.3, 1, 3, 10, 300, and 1000 mg L 21 ). Herbicide stocks were prepared in Milli-Q water using , 0.03% w : w solvent carrier acetone or dimethyl sulfoxide. Atrazine (95% w : w) and hexazinone (99.5% w : w) were obtained from Novachem. Diuron (98% purity) was obtained from Sigma-Aldrich. Treatments also included seawater controls and controls containing identical concentrations of solvent carrier as used in each of the herbicide treatments. Corals and CCA fragments (four replicates) were divided between duplicate tanks for each treatment concentration. Chlorophyll fluorescence measurements were taken after 24-h exposure.
The potencies of each of the herbicides to inhibit DF : F 9 m in A. millepora were used to calculate the relative equivalent potencies (REP, Eq. 4) for hexazinone and atrazine compared with diuron (REP 5 1).
where IC 50(i) is the concentration of herbicide i that inhibits 50% of DF : F 9 m . The herbicide equivalent concentration (HE q , relative to diuron) of each of the herbicide treatments were then calculated based on the product of their measured concentration (C i ) and their REP i (Eq. 5).
HE q~R EP i |C i ð5Þ
The REP values for atrazine and hexazinone were used to calculate the concentration (C i ) required to obtain identical potency (HE q ) for each herbicide in the flow-through experiments below.
Coral and CCA exposure to herbicides at different temperatures-A flow-through, climate-controlled dosing facility was constructed at AIMS to allow the simultaneous exposure of corals and CCA to four temperatures and three concentrations of herbicides in replicate tanks. Incoming seawater (24uC) was filtered (0.5 mm) into four 600-liter header tanks, which each delivered seawater into multiple treatment tanks using submersible pumps (one pump per header tank). The sumps were heated to different temperatures using 2 and 3 kW titanium heating bars controlled with a CR1000 measurement and control datalogger (Campbell Scientific). The logger's precision sensors were placed inside the 16-liter glass treatment tanks. The seawater flow rates for treatment tanks were maintained at 400 mL min 21 , measured using in-line flow meters and controlled with manual valves. Two Masterflex LX multichannel peristaltic pumps (Extech Equipment) delivered herbicide stock (prepared as described above) into each of the treatment tanks at a constant flow rate of 1.0 mL min 21 . Each of the subsequent experiments was conducted under 12 : 12 h light : dark photoperiods using adjustable racks of 55 W, 420-nm compact fluorescent globes (Catalina).
Long-term (7 d) exposure tests were conducted to evaluate the possible interactive effects between diuron, atrazine, and hexazinone exposure of A. millepora fragments and seawater temperature. The simultaneous effects of diuron and temperature were also tested with fragments of N. fosliei. Five replicate corals and CCA fragments were used in each of two replicate tanks per treatment. The samples were allowed to acclimate in the dosing system at 26uC for at least 24 h before ramping to final temperatures at 0.2uC h 21 . Light intensities were 200 mmol photons m 22 s 21 for corals and 40 mmol photons m 22 s 21 for CCA (which was placed under suspended shadecloth in the same tanks as the corals). These irradiances are similar to the mean photosynthetically active radiation at the collection sites (data not shown).
Based on results of the initial dose response curves, corals and CCA were exposed to three nominal diuron concentrations (0, 0.3, and 1 mg L 21 ) and four temperatures (26uC, 30uC, 31uC, and 32uC, logged range 6 0.2uC). These concentrations have been found to inhibit photosynthesis (effective quantum yield, DF : F 9 m ) in coral symbionts by approximately 0%, 10%, and 25%, respectively, in the dose response curves (described above). The temperatures represent the mean annual temperature of seawater from the Whitsundays to the midshelf reefs off Townsville (26uC) to the highest temperatures expected in nearshore environments of the GBR (32uC) (AIMS 2010). Corals were also exposed to atrazine and hexazinone in identical experiments at concentrations that produced equivalent reductions in DF : F 9 m (identical HE q s as the diuron concentrations above; see Table 1 ). Control treatments included the acetone carrier (, 0.03% v : v) . Chlorophyll fluorescence measurements (see PAM section above) were taken just prior to the start of the exposure and once every 24 h over 7 d using a Diving-PAM fluorometer (Walz). At the end of the exposure, corals and CCA were snap frozen in liquid N 2 and stored at 280uC for pigment analysis.
Herbicide analysis-Herbicide concentrations in the flow-through experiments were measured by analyzing water samples from one random time point from each of the flow-through treatment tanks. Samples were taken in 500-mL acetone-washed glass bottles. Solid phase extraction of herbicides was performed using 500 mg Oasis extraction cartridges (Waters) in a vacuum manifold and analyzed using high performance liquid chromatography (HPLC) coupled with tandem mass spectrometry as described in Negri et al. (2005) . Measured concentrations for each of the flow-through experiments can be found in Table 1 .
Bleaching assessment-Coral bleaching can be defined as the loss of symbiotic dinoflagellates and/or pigments (Douglas 2003) . In the 7-d exposure experiments Chl a content was used as a proxy for bleaching [loss of Symbiodinium spp. or photosynthetic pigments (Kleppel et al. 1989) ]. Chl a was measured using HPLC according to the method of Cantin et al. (2009) . Coral fragments were extracted once with methanol on ice in the dark with a 4-s sonication and 4-min vortex. Afterward, coral fragments were extracted twice with an ethyl acetate : isopropanol solution (EtOAc : IPA 1 : 1, v : v) on ice in the dark then centrifuged at 10,000 3 g for 5 min at 4uC. An aliquot of combined extract was mixed in equal parts (50 : 50, v : v) of methanol : 28 mmol L 21 tetrabutyl ammonium acetate (70 : 30, v : v) to stabilize pH prior to HPLC analysis. Crustose coralline algae fragments were extracted by scraping the surface cells from the fragments using a 13-mm diameter Forstner drill bit until white skeleton was uniformly exposed. A scalpel was used to scrape any remaining algal cells not removed by the Forstner bit. The algal cells were brushed into acetone-washed, labeled, 20-mL scintillation vials. CCA were extracted once with 100% methanol in the dark and sonicated for 45 s. After 1-h extraction in 220uC and in the dark, vials were gently swirled and returned to dark and freezer. After another hour extraction, extracts were centrifuged at 10,000 3 g for 5 min at 4uC. An aliquot of extract was mixed in equal parts (50 : 50, v : v) of methanol : 28 mmol L 21 tetrabutyl ammonium acetate (70 : 30, v : v) . Pigments were identified by comparison with authentic standards (Danish Hydraulic Institute). Pigment concentrations of N. fosliei were normalized to the surface area (cm 22 ) removed by the Forstner drill bit, and A. millepora were normalized to skeletal surface area (cm 22 ) using the wax-weight method (Stimson and Kinzie 1991) .
Data analysis-Two statistical parameters were used to compare diuron, atrazine, and hexazinone toxicity: the lowest observed effect concentration (LOEC) and the effective concentration (EC x ) . LOEC is the lowest tested concentration causing a significant effect. One-way ANOVAs were performed, and Tukey's honest significant difference test was used to identify significantly different means at p , 0.05. The herbicide concentration EC x causes a reduction of photosynthetic efficiency by x%. Mean relative inhibition was modeled using a sigmoidal fourparameter curve fitting to determine dose-response curves and to calculate EC x for each herbicide.
General linear mixed effects ANOVAs were used to investigate the interactions between temperature and herbicide concentration on photosynthetic yields (effective and maximum quantum yields) and mean photosynthetic pigment concentrations. Fixed factors were temperature and concentration. ''Tank'' (two replicated tanks for each combination of the two fixed factors) was treated as a nested random factor. Photosynthetic yield data were arcsine transformed prior to analysis, and homogeneity of variances was investigated via residual analyses. For both effective and maximum quantum yields, only yield values from corals with no endolithic algae visibly present were included in the analyses. Dose-response curve fitting was achieved using SigmaPlot 11 (Systat Software), whereas polynomial curves for the combined analyses of all three herbicides were fits with linear models in R (R development core team 2006) all other statistical analyses were performed using Number Cruncher Statistical System (NCSS) 2007 (Statistical and Power Analysis Software).
Results
Acute dose response curves-The acute 24-h dose response curves for DF : F 9 m (proportional to photosynthetic efficiency) revealed differences in sensitivities between coral and CCA and distinct herbicide potencies for each species (Fig. 1) . A comparison of herbicide concentrations inhibiting 50% DF : F 9 m (IC 50 ) revealed that the symbionts in the coral A. millepora were 3-to 10-fold more sensitive to the three herbicides than the CCA N. fosliei (Table 2 ). An assessment of IC 50 s also revealed the order of toxicity was diuron . hexazinone . atrazine for both organisms ( Table 2 ). The LOEC of herbicides that significantly (p , 0.05) inhibited DF : F 9 m compared with controls (Table 3) followed a similar pattern, with the lowest LOEC observed in response to diuron in both organisms (Table 2) . Dose response curves for F v : F m (maximum quantum yield, an indication of damage to PSII) indicated that chronic photoinhibition was less pronounced than inhibition of DF : F 9 m at the same diuron and atrazine concentrations (Fig. 1) . Therefore, the IC 50 s and LOECs were not generally reached for F v : F m inhibition at the herbicide concentrations used. Instead, calculation of IC 10 s obtained from the fitted logarithmic curves enabled comparison between herbicide potencies and organism sensitivities. Interestingly, hexazinone inhibited F v : F m at lower concentrations than diuron for both organisms, while atrazine exposure caused the least photoinhibition (Table 2) . Furthermore, the hexazinone-coral dose response curves for F v : F m were very similar to the inhibition responses of (Table 2) .
Combined temperature-herbicide exposures-Temperatures above 30uC significantly inhibited both DF : F 9 m and F v : F m in the CCA N. fosliei ( Fig. 2; Table 4 ). At 31uC and 0 mg L 21 diuron, DF : F 9 m and Fv : F m were reduced by 33% and 34%, respectively, and this increased to 60% for both parameters at 32uC. There was, however, no significant effect of diuron concentrations in this experiment and no interaction between temperature and concentration of herbicide. This result reflects the lower apparent sensitivity of N. fosliei to herbicides compared with A. millepora (Table 2) , and given diuron was the most potent herbicide tested, the combined exposures were not repeated with atrazine and hexazinone.
Elevated temperatures and herbicide exposures significantly reduced effective quantum yield (DF : F 9 m ) for A. millepora following 7-d flow-through exposures (Fig. 3 -A,C,E, factors temperature and herbicide in ANOVA results; Table 4 ). In the absence of herbicide DF : F 9 m remained consistent up to 31uC and dropped by 8-19% at 32uC. At 26uC DF : F 9 m was inhibited by 6-10% for the lowest concentration herbicide treatments, and this increased to 23-30% inhibition for the medium herbicide concentrations (Fig. 3A,C,E) . Despite the significant individual effects of temperature and herbicides on DF : F 9 m , no significant interactions were detected between temperature Table 4 ). Given that both higher temperatures and higher herbicide concentrations inhibit the yield significantly; the lack of interactive significance indicates additivity (but not synergism) between these two factors. Additivity is also supported by the largely parallel nature of the relationships between DF : F 9 m as temperature and herbicide concentrations increase (Fig. 3A,C,E) . Consequently, combinations of the highest herbicide concentrations and temperature resulted in the greatest reduction in DF : F In corals, maximum quantum yield (F v : F m ) at 32uC was reduced significantly (by 12-24%) in the absence of herbicides in the three experiments, while the highest concentrations of herbicide at the lowest temperature reduced F v : F m by 3.2% and 3.5% for diuron and atrazine, respectively, and by 20% in the case of hexazinone (Fig. 3B,D,F) . Both temperature and herbicide concentrations significantly affected F v : F m (ANOVA, Table 4 ). For Fv : Fm, a significant interaction term was observed between the effects of temperature and herbicide concentration for both diuron and atrazine (Table 4) . Because the combined effects on F v : F m were greater than the sum of the individual effects, this interaction indicates a synergistic (greater than additive) effect of herbicides (diuron or atrazine) and temperature. For example, in the absence of atrazine, F v : F m was inhibited by 22% at 32uC and by 3.5% by the highest concentration of atrazine at 26uC (Fig. 3D) . Assuming additivity, the expected effect of atrazine at the highest concentration and at 32uC on F v : F m would be a 25.5% inhibition compared with the control treatment (temperature 5 26uC; herbicide 5 0 mg L 21 ). Instead the observed F v : F m at 32uC and 12 mg L 21 , atrazine was equivalent to 40.6% inhibition relative to the controls. This result is illustrated in Fig. 3B ,D, where the effects of herbicide and temperature are essentially parallel from 26uC to 30uC then diverge at 31uC and 32uC. While the combination of higher temperatures and the maximum hexazinone concentration reduced F v : F m to 0.13 (76% inhibition), the interaction was not significant, and the combination of these stressors was therefore considered additive (Fig. 3F) .
The relative equivalent potencies (REPs) of each of the herbicides relative to diuron were determined so that response data from each experiment could be combined, providing means to assess the broad effect of PSII herbicides and temperature on coral photophysiology. Calculations using Eq. 4 revealed a REP of 0.21 for hexazinone and 0.062 for atrazine compared with 1 for diuron. The herbicide equivalent (HE q ) concentrations of the low doses of each herbicide ranged from 0.23 to 0.28 mg L 21 and from 0.76 to 0.84 mg L 21 in the medium dose treatments (Table 1) . Less than 0.05 mg L 21 of herbicide was detected in any of the control treatments. The HE q s for low and medium doses for each herbicide type were not significantly different from each other (one-way ANOVA, p . 0.05, F 3,8 5 2.61 and F 3,8 5 0.590, respectively), indicating that the herbicide treatments in each experiment would be expected to have similar effects on DF : F 9 m . Modeling the response of A. millepora to temperature in combination with herbicide exposure in the range measured (pooling response data for all three herbicide exposures) was possible following the conversion of herbicide concentrations into the common HE q unit. A contour plot for inhibition of DF : F 9 m in A. millepora revealed two major trends (Fig. 4A) . First, the contours were widely spaced at lower temperatures and closer to each other above 30uC, only reaching 30% inhibition at 31uC. This reflects the additive effect of temperature and herbicide on DF : F 9 m . The second notable feature was the shape of the contours, which could be described using a polynomial function linking temperature and herbicide concentration, explaining 79% of the variation (F 3,32 5 44.02, p , 0.0001) (Eq. 6). This relationship indicates that the effect of low concentrations of herbicide on DF : F 9 m is actually reduced at temperatures between 28uC and 30uC compared with the ''control'' temperature of 26uC. Furthermore, the model predicts strong additive effects of temperature and herbicides under higher temperature levels. As an example, reducing the HE q from 1 mg L 21 to 0 mg L 21 at 31uC reduces the percentage inhibition in DF : F 9 m from 34% to 0.1%. This is equivalent to protecting the corals from an increase in SST from 31uC to 32.8uC in the absence of herbicide. % reduction DF : F' m ð Þ2083{148:1Tz 2:61T 2 z34:09C ð6Þ
where T 5 temperature (uC) and C 5 herbicide concentration (mg L 21 HE q ). A similar combined analysis was conducted for F v : F m . The nearly vertical contours of the F v : F m plot (Fig. 4B ) reflect the dominant influence of temperature on chronic photoinhibition in A. millepora. As for the DF : F 9 m plot, the spacing of the contours became tighter above 30uC, and inhibition above 30% was only evident when the concentration of herbicides surpassed 0.2 mg L 21 HE q . This highlights the strength of the combined effect of high temperatures and elevated herbicide concentrations on chronic photoinhibition. In this case a polynomial equation explained 64% of the variation in the data (F 3,32 5 21.43, p , 0.0001) (Eq. 7). This model predicted that reducing the herbicide concentration from 1 to 0 mg L 21 at 31uC reduces the percentage inhibition in F v : F m from 22% to 4%. This is equivalent to protecting the corals from an increase in SST from 31uC to 32uC in the absence of herbicide.
Effect of temperature and herbicides on coral and CCA bleaching-Temperature had a significant effect on Chl a content in both A. millepora and N. fosliei (p , 0.01; ANOVA, Table 5 ). In the absence of herbicide, the reduction of Chl a in the CCA N. fosliei was 44% at 31uC and 71% at 32uC (Fig. 5B) . Diuron exposure had no effect on Chl a content in the CCA (Table 5 ). In the absence of herbicide, corals exhibited a loss of between 38% and 47% Chl a at 32uC compared with corals in the 26uC treatments (Fig. 5A,C,D) . Hexazinone addition had no effect on Chl a content in the coral (Table 5 ), but the exposure to diuron (p 5 0.07) and atrazine (p 5 0.08) was marginally significant. There were no significant interactions detected between temperature and diuron concentration for coral or CCA (Fig. 5A,B ; Table 5 ). However, significant interactions between temperature and herbicide were evident for coral exposures to atrazine and hexazinone (Table 5 ). This interaction was driven by the effect of herbicide on Chl a content at 26uC, which was 52% and 44% higher in corals exposed to atrazine and hexazinone than in control corals. At higher temperatures herbicide exposure had little effect on Chl a content in corals (Fig. 5C,D) . Significant linear correlations were observed between inhibition of F v : F m and loss of Chl a (Fig. 6 ).
Discussion
The combined effects of elevated temperature and reduced water quality (presence of herbicides) were detrimental to the coral A. millepora in 7-d exposure experiments. Analyses of the combined effects of temperature and all three herbicides on DF : F 9 m indicated that the reduction in photosynthetic efficiency due to these stressors was additive. The effects of high temperature in combination with either diuron or atrazine were synergistic (i.e., larger than additive) for the maximum quantum yield (F v : F m ), indicating enhanced damage to PSII under these conditions, while elevated hexazinone at 32uC reduced F v : F m to a greater extent than any other treatment. The herbicide diuron (up to 0.84 mg L 21 ) did not affect the function or integrity of PSII in the CCA N. fosliei; however, the bleaching (loss of pigment) in CCA at temperatures over 30uC was more severe than for the coral. Doseresponse curves (DF : F 9 m ) indicated coral was at least threefold more sensitive to all herbicides tested than CCA, and both organisms were more sensitive to diuron than to the other herbicides. This study reveals the high sensitivity of CCA to SSTs well within the ranges projected by the IPCC (2007) and provides evidence to support the policy of improving water quality to increase the resilience of corals to increasing SSTs.
Temperatures greater than 30uC and elevated PSII herbicide concentrations both independently reduced DF : F 9 m and F v : F m in Symbiodinium spp. within A. millepora. A. millepora branches exhibited significant bleaching response (reduced Chl a : surface area) at 31uC and 32uC, similar to the sensitivities of other GBR corals, e.g., Acropora formosa, Acropora elseyi, and Pocillopora damicornis (Berkelmans and Willis 1999) . Jones et al. (1998) proposed that carboxylation within the Calvin cycle is the primary site of heat damage and that a subsequent overwhelming of photoprotective mechanisms by light and heat causes damage to PSII leading to observed reductions in F v : F m . The inhibition of F v : F m and the significant correlation of photoinhibition with pigment loss (Fig. 6A) is consistent with this mechanism in A. millepora. CCA is also susceptible to thermal stress, with the GBR species Porolithon onkodes exhibiting , 20% bleaching between 28uC and 29uC (Anthony et al. 2008) , and visible bleaching has been observed previously in N. fosliei (Webster et al. in press) . N. fosliei in the present study was heavily bleached at 31uC, signifying a severe loss of photosynthetic capacity. The strong correlation between photoinhibition and pigment loss in N. fosliei (Fig. 6B) indicates that photooxidative damage to PSII may be linked to the bleaching process of this species.
The sensitivity of A. millepora to diuron, atrazine, and hexazinone (24 h) was similar to acute (10 h) responses observed in S. hystrix (DF : F 9 m : diuron IC 50 5 2.3, atrazine IC 50 5 45, and hexazinone IC 50 5 8.8 mg L 21 ) (Jones and Kerswell 2003) , A. formosa, Montipora digitata, and Porites cylindrica (diuron IC 50 5 2.8-6 mg L 21 ) (Jones and Kerswell 2003; Jones et al. 2003) . These herbicides compete with plastoquinone for the Q B binding site on the D1 protein in PSII, leading to reduced electron transport (photochemical efficiency) and a consequent increase in nonphotochemical quenching and a decrease in DF : F 9 m (Oettmeier 1992; Jones and Kerswell 2003) . While the effects of herbicides on DF : F 9 m within corals and CCA are largely reversible (Jones and Kerswell 2003; Harrington et al. 2005; Negri et al. 2005) , the inhibition of DF : F 9 m observed for corals and CCA at temperatures over 30uC may reflect chronic thermal damage to the D1 protein because they correspond well with distinct reductions in F v : F m (see below). Interestingly, the chronic photoinhibition due to hexazinone exposure was greater than for the other herbicides in both corals and CCA at equivalent concentrations (comparison of IC 10 s). The reason for this is unclear, but the kinetics of binding (and binding reversibility) to the D1 protein may differ between the herbicides, resulting in more damage to PSII under otherwise identical light and temperature conditions. CCA was less sensitive than the coral to the herbicides in short-term exposures (diuron IC 50 5 8.8 mg L 21 ), a result consistent with a previous study, which showed distinct inhibition of DF : F 9 m in P. onkodes only occurs at 27 mg L 21 diuron (Harrington et al. 2005) . The basis for this apparent insensitivity of CCA to herbicides is unclear, but it may be related to the photosynthetic pigment and antenna organization in CCA, which is different from both Symbiodinium and higher plants. For example, the phycobilisomes within CCA can shift between PSI : PSII, potentially influencing the path of electron transport under different light regimes (Bü chel and Wilhem 1993; Schubert 2008) . Therefore, the relationship between DF : F 9 m inhibition and photosynthetic efficiency leading to primary production remains unclear, and absolute DF : F 9 m values measured in CCA should be regarded with caution. Respiration and production measurements (e.g., through oxygen evolution or 14 C incorporation) may prove a more appropriate measure of herbicide toxicity for CCA. Despite the uncertainty regarding the application of fluorescence techniques to CCA, there was a high degree of agreement between the responses of DF : F 9 m , F v : F m , and bleaching. In addition, the order of toxicity of the herbicides to CCA was consistent with that of the coral A. millepora.
Classical dose-response curves for DF : F 9 m were obtained when A. millepora and N. fosliei were exposed to the PSII herbicides in the absence of thermal stress (Fig. 1) . However, the effect of herbicides on DF : F 9 m appeared to decrease as the temperature reached 30uC and then became much more severe at 31uC and 32uC (Fig. 4A ). This sharp reduction in effective quantum yield at higher temperatures appears to be strongly linked to chronic photoinhibition as the DF : F 9 m contours above 30uC were very similar in slope and scale to the contours for F v : F m inhibition (Fig. 4B) . As discussed previously, chronic photoinhibition can be caused by thermal or herbicide-induced damage to the D1 protein of PSII, and in the case of diuron and atrazine, the effects were synergistic. Jones and Kerswell (2003) hypothesized that changes in temperature could affect the conformation of the D1 protein binding site or D1 protein turnover and repair. In the present study binding affinity of herbicides to the D1 protein may be slightly reduced at temperatures between 26uC and 31uC (Fig. 4A) , while a combination of higher temperature and herbicide exposures may slow the turnover and repair of the D1 protein ( Fig. 4B) . Symbiodinium spp. reside within the host coral tissues and are surrounded by multiple membranes of both host (animal) and symbiont (dinoflagellate) origin (Wakefield and Kempf 2001) . This means that herbicides must penetrate several boundaries before reaching the algal cell and finally the binding site on the D1 protein (Jones et al. 2003) . The increase in toxicity of herbicides to A. millepora at high SSTs is consistent with the increases in uptake of a range of contaminants on aquatic ectotherms, which may be influenced by (1) increased membrane permeability, (2) increased active transport (facilitated or via ion channels), (3) increased metabolism, and/or (4) reduced elimination (Sokolova and Lannig 2008) .
Chronic photoinhibition was significantly correlated to bleaching (loss of Chl a) for both the coral and the CCA (Fig. 6 ), but this was primarily driven by thermal stress at 31uC and 32uC (Fig. 5) . Interestingly, coral exposed to the higher concentrations of herbicides at the lowest temperature exhibited an increase in Chl a per surface area (Fig. 5) . Increases in pigment concentration in the presence of PSII herbicides has been reported previously in juvenile A. millepora (Cantin et al. 2009 ) and benthic green algae (Magnusson et al. 2008) . It is possible that this constitutes a mechanism to compensate for reductions in photosynthetic efficiency. This effect was not evident at temperatures of 30uC or above when thermal stress exhibited greater influence on F v : F m and bleaching. Changes in pigment concentration may also indicate changes in the composition of symbiont communities hosted by the corals at different temperatures. The symbionts were identified as Symbiodinium clade C2; however, the temperature changes over the course of the experiment may have induced an endogenous shift in the symbiont population (Berkelmans and van Oppen 2006) to types that exhibit different pigment compositions and photophysiology (DF : F 9 m and F v : F m ) and as a consequence resilience to thermal and pollution stress (Cantin et al. 2009) . A potential shuffling of symbiont types under combined thermal and pollution stresses (and how long this might take) should be examined in future studies.
Results from the present study show that the presence of herbicides at temperatures of 31uC and 32uC can enhance the effect of thermal stress on A. millepora. The photosynthetic efficiency (DF : F 9 m ) was reduced by high herbicide-SST combinations, and in corals this is likely to affect energy acquisition and subsequent translocation of photosynthetically fixed carbon to the host coral tissue. Acute reductions in DF : F 9 m caused by diuron exposures has been demonstrated to reduce energy uptake by the host tissues in juvenile A. millepora corals, and the magnitude of effect depends on symbiont type (Cantin et al. 2009 ). Over 2-3 month exposures to diuron, chronic effects on three coral species included reduced reproductive output (related to energy limitation), bleaching, and mortality (possibly related to chronic photoinhibition) (Cantin et al. 2007 ). In the present study, additive and synergistic effects on F v : F m are of most concern, since this parameter indicates chronic photoinhibition (Brown et al. 1999) and is significantly correlated to bleaching (Fig. 6) . In the field, high mortality rates are often associated with thermal bleaching (Baird and Marshall 2002) , leading to changes to coral reef ecosystem structure and function (Hughes et al. 2003) . Bleaching events are most commonly linked to high SST in combination with high irradiance, but other stressors that also affect corals may enhance bleaching or reduce the thermal tolerance thresholds of corals. For example, Wooldridge (2009) was able to more accurately model bleaching events on the GBR when dissolved inorganic nitrogen (DIN) concentrations were incorporated into models, predicting that 50-80% reductions in DIN would protect corals by increasing the upper thermal bleaching limit by 2uC. The Great Barrier Reef Marine Park Authority has derived water quality guideline values for a range of herbicides including 0.9 mg L 21 diuron (GBRMPA 2009). Results from the combined data in the present study (Fig. 4) indicate that reducing the herbicide concentration from 1 mg L 21 to 0 mg L 21 HE q (5 diuron concentration) at temperatures above 30uC would protect coral symbionts from an increase in SST of at least 1uC.
River runoff into tropical oceans during summer monsoonal periods means that corals and other reef builders such as CCA can be simultaneously exposed to high SST and pollution. The few field and laboratory studies have so far shown that combinations of increased SST and increased pollution: sediments, sewage and nutrients (Nagelkerken 2006) , metals (Nyströ m et al. 2001) , and nitrate (Nordemar et al. 2003; Wooldridge 2009 ) affect corals more severely than thermal stress alone. The present study adds further evidence to the hypothesis that managing pollution at a local level may help protect corals from the effects of high SST and the projected effects of climate change.
